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Abstract

Background: Mitral annuloplasty rings restore annular dimensions to increase leaflet coaptation, serving a funda-
mental component in mitral valve repair. However, biomechanical evaluations of annuloplasty rings are lacking. We
aim to biomechanically analyze flexible and rigid annuloplasty rings using an ex vivo mitral annular dilation model.

Methods: Juvenile porcine mitral valves (n =4) with intercommissural distance of 28 mm were dilated to intercom-
missural distances of 40 mm using a 3D-printed dilator and were sewn to an elastic mount. Fiber bragg grating
sensors were anchored to native chordae to measure chordal forces. The valves were repaired using size 28 rigid and
flexible annuloplasty rings in a random order. Hemodynamic data, echocardiography, and chordal force measure-
ments were collected.

Results: Mitral annular dilation resulted in decreased leaflet coaptation height and increased mitral regurgitation
fraction. Both the flexible and rigid annuloplasty rings effectively increased leaflet coaptation height compared to that
post dilation. Rigid ring annuloplasty repair significantly decreased the mitral regurgitation fraction. Flexible annulo-
plasty ring repair reduced the chordal rate of change of force (7.1 4.4 N/s versus 8.6 £ 5.9 N/s, p=0.02) and peak
force (0605 N versus 0.7£0.6 N, p=0.01) compared to that from post dilation. Rigid annuloplasty ring repair was
associated with higher chordal rate of change of force (9.8 5.8 N/s, p=0.0001) and peak force (0.7 0.5 N, p=0.01)
compared to that after flexible ring annuloplasty repair.

Conclusions: Both rigid and flexible annuloplasty rings are effective in increasing mitral leaflet coaptation height.
Although the rigid annuloplasty ring was associated with slightly higher chordal stress compared to that of the flex-
ible annuloplasty ring, it was more effective in mitral regurgitation reduction. This study may help direct the design of
an optimal annuloplasty ring to further improve patient outcomes.
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Introduction

Mitral valve regurgitation (MR) is one of the most preva-
lent causes of global morbidity and mortality [1]. Various
etiologies of MR exist. However, physiologically there is a
similar pattern where the left atrial dimension increases
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whether isolated mitral annular dilation is sufficient to
cause significant MR [3-5]. Mitral valve annuloplasty
rings are a fundamental component in mitral valve
repair for MR. The primary purpose of annuloplasty ring
implantation is to restore healthy mitral annular dimen-
sions in an effort to increase leaflet coaptation and to pre-
vent future annular dilatation [6—12]. Although a number
of mitral valve annuloplasty rings exist with different
rigidities, the biomechanical understanding of annulo-
plasty rings is lacking. Limited information is available
regarding the biomechanical and hemodynamic effects
after repair using rigid versus flexible mitral annuloplasty
rings [13, 14]. Specifically, the chordae rate of change
of force or loading rate is an important metric in stress
analysis due to the rate dependent stress—strain curves
of viscoelastic materials and has been previously shown
to correlate well with various repair biomechanics [15].
Currently, ring choice is based on surgeon preference,
and clinical studies have demonstrated controversial
results. For example, some studies suggested improved
left ventricular reconstruction using flexible annuloplasty
rings, while others showed superior hemodynamics using
rigid annuloplasty rings, or failed to find any differences
in clinical outcomes using flexible or rigid rings [16—19].
Therefore, it is prudent to obtain a better understanding
of the biomechanical and hemodynamic impact of flex-
ible versus rigid annuloplasty ring on mitral valves.

In order to achieve this, ex vivo heart simulators repre-
sent a valuable avenue to quantitatively analyze valvular
biomechanics and hemodynamics. We have successfully
replicated various mitral valve repair operations using
our left heart simulator and have obtained several clini-
cally relevant findings [15, 20—-24]. To biomechanically
evaluate different mitral annuloplasty rings without the
confounding effect from additional mitral valve patholo-
gies, an ex vivo mitral annular dilation model with MR
is needed. Previously, we designed a preferential poste-
rior mitral valve annular dilation device [25]. However,
the rigidity of this device resulted in an annuloplasty ring
repair that was not clinically representative. In this study,
we aim to design a novel mitral annular dilation system
to compare the biomechanics of repair using flexible or
rigid annuloplasty rings in an ex vivo left heart simulator.

Methods

Mitral annular dilation system design

The mitral valve annular dilation device was developed
using a high-resolution 3D printer (Carbon M2 Printer;
Redwood City, CA). To ensure symmetric dilation, the
D-shape of a healthy, native mitral annulus was adopted
for the device (Fig. 1a). The dilator was designed with the
smallest inter-commissure distance of 15 mm, which was
gradually increased to the maximal inter-commissure
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distance of 45 mm. Each mark on the dilator indicates
a 10 mm increment of inter-commissure distance. This
device was then placed across the explanted mitral valve
specimen, and the anterior and posterior annulus was
aligned to the correct dilator orientation (Fig. 1b). The
dilator was then inserted through the mitral valve, tak-
ing care not to injure the chordae tendineae or papillary
muscles. Dilation was gradually performed over 6 h until
the desired inter-commissure distance was achieved. The
dilator was then removed from the valve.

To allow for annular dimension reduction after ring
annuloplasty repair without applying excessive force on
the left atrial tissue, a flexible mount was needed. This
mount must also have a dilated annular dimension to
maintain the dilated annular geometry. We designed and
3D-printed a mold that was used to create a highly elas-
tic mount with a dilated annular geometry with an inter-
commissural distance to septo-lateral distance ratio of
1:1 using silicone (Silicones, Inc., P-20B Addition Cure
silicone, High Point), to allow for proper mounting in the
ex vivo left heart simulator (Fig. 1c).

Sample preparation

Healthy juvenile porcine mitral valves (n=4) were har-
vested from hearts obtained from a meat abattoir (Ani-
mal Technologies, Tyler, TX). The valve leaflets, annulus,
chordae, papillary muscles, and 1 ¢cm of circumferen-
tial left atrial tissue were preserved. Only valves with an
inter-commissure distance of 28 mm were used in this
study to allow for adequate annular dilation to generate
MR. Using interrupted 2-0 braided polyester sutures,
the undilated valves were mounted to a 3D-printed
elastometric polyurethane annular sewing plate that
was designed to fit the size of juvenile porcine mitral
valves. After baseline data collection, the valves were
dilated to inter-commissure distances of 40 mm using
the 3D-printed dilation device as described above. The
dilated mitral valves were then sewn to the elastic mitral
mount using pledgeted interrupted 2-0 braided polyester
sutures. After data collection, the valves were repaired
using size 28 rigid (Carpentier-Edwards Classic, Edwards
Lifesciences) and flexible (Annuloflex, LivaNova) annulo-
plasty rings in a random order. Data was collected after
both annuloplasty ring repairs for each specimen.

Ex vivo left heart simulator

The left heart simulator, which has been previously
described, features a pulsatile linear piston pump
(ViVitro Superpump, ViVitro Labs, Victoria, British
Columbia, Canada) to generate physiologic parameters
using the pump controller and software (ViVitest Soft-
ware, ViVitro Labs) programmed in accordance with
ISO 5840 standards for in vitro valve testing (Fig. 2a)
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Fig. 1 a A computer-aided design rendering of the 3D-printed mitral annular dilator. b The annular dilation device placed across a juvenile porcine
mitral valve to induce annular dilation. ¢ Exploded view of the elastic dilated mitral mount produced using 3D-printed molds

[19-24, 26]. An electromagnetic flow probe (Carolina
Medical Electronics, East Bend, NC) was incorporated
to record transmitral valvular flow. Ventricular, aortic,
and left atrial pressures were measured using pressure
transducers (Utah Medical Products, Inc, Midvale, UT).
Normal saline was used, and the linear piston pump was
programmed to generate a mean arterial pressure of
100 mmHg at 70 bpm. This was achieved by titrating the
compliance chambers, peripheral resistance, and pump
stroke volume. For each test, hemodynamic data was col-
lected and averaged across 10 complete cardiac cycles.

High-speed videography was obtained with an en face
view at 1057 frames per second with 1280 x 1024 reso-
lution (Chronos 1.4; Kron Technologies, Burnaby, British
Columbia, Canada). Additionally, echocardiogram data
was obtained using a Phillips iE33 system with an S5-1
transthoracic probe (Koninklijke Philips NV, Amsterdam,
The Netherlands). Coaptation heights were measured
using the iE33 on-board software and a Siemens Syngo
Dynamics workstation (Siemens Medical Solutions USA,
Ann Arbor, MI).
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PL posterior leaflet, PM papillary muscle

Fig. 2 Fiber bragg grating (FBG) sensors denoted by white arrows, instrumented onto mitral valve chordae. Yellow arrows denote
polytetrafluoroethylene suture attachment points both proximally and distally on the FBG sensor to the instrumented chordae. AL anterior leaflet,

Chordae tendineae force measurement

Chordae tendineae force data were collected after dila-
tion and ring annuloplasty repairs using the flexible
and rigid rings. This was achieved by implanting pre-
viously described, calibrated, high-resolution fiber
bragg grating (FBG) sensor (DTG-LBL-1550, 125 pmy;
FBGS International, Geel, Belgium) (Fig. 2b) [20, 26,
27]. These sensors were attached to the native chordae
using CV-5 polytetrafluoroethylene sutures flanking
each side of the strain gauge. The chordae were then cut
between the two suture attachment sites so that force
on the chordae was imparted to the FBG sensors. Due
to the variation in chord geometry from valve to valve,
this was completed for both the anterior and posterior
chordae, and at least 4 chordae were instrumented for
each valve. Forces measured from all chordae were
averaged. Peak chordal forces over a cardiac cycle and
the rate of change of force after normalization to trans-
mitral mean pressure in systole were analyzed in MAT-
LAB (MathWorks, Natick, MA).

Statistical analysis

Continuous variables were reported as mean =+ stand-
ard deviation unless specified otherwise. A 2-sampled
paired t test was performed to compare baseline versus
post-dilation, post-dilation versus post-flexible annu-
loplasty ring repair, post-dilation versus post-rigid
annuloplasty ring repair, and post-flexible versus rigid
annuloplasty ring repair in terms of hemodynamic
and/or chordal force data. Statistical significance was
defined at p < 0.05 for all tests.

Results
The mitral annular dilation system successfully gener-
ated an ex vivo mitral annular dilation model with MR
(Fig. 3a). As evidenced by the en face view of an exam-
ple of a dilated porcine mitral valve, there was inad-
equate leaflet coaptation in systole captured by the
high-speed videography. The leaflet coaptation height
measured by echocardiography post dilation decreased
to 1.04+0.2 cm from 1.540.3 cm at baseline (p=0.05).
The mitral regurgitation fraction post dilation increased
to 23.4+52% from 13.9+4.4% at baseline (p=0.14).
MR was also observed from the mean mitral flow trac-
ings, as evidenced by the flow reversal observed in sys-
tole in the post dilation state compared to baseline
(Fig. 4a). Mean aortic, ventricular, and left atrial pressure
tracings are shown in Fig. 4b. Mean left atrial and ven-
tricular pressure measured for baseline versus post dila-
tion were 8.6 7.8 mmHg and 43.6 5.5 mmHg versus
11.14+0.8 mmHg and 43.3+£5.7 mmHg, respectively. A
summary of hemodynamic data is shown in Table 1.
After ring annuloplasty repair, mitral valve com-
petency was restored to a varied degree. As shown
in Fig. 3b, c, proper leaflet coaptation was reinstated
with both the flexible and the rigid annuloplasty ring.
Similarly, leaflet coaptation height measured by echo-
cardiography was significantly increased after ring
annuloplasty repair using the flexible versus the rigid
annuloplasty ring compared to that of the post dila-
tion state (p=0.05 versus p=0.03). Specifically, the
coaptation height after repair using the flexible ver-
sus the rigid annuloplasty ring was 1.2+0.2 cm ver-
sus 1.2+0.1 cm (p=0.15), respectively. The mitral
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Fig. 3 a En face view of an example juvenile mitral valve after annular dilation, followed by ring annuloplasty repair using a b flexible and a ¢ rigid
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Fig. 4 a Mean transmitral flow tracings confirmed mitral regurgitation after annular dilation. Rigid annuloplasty ring repair successfully eliminated
mitral regurgitation. b, ¢ Mean pressure tracings at baseline, post dilation, and after ring annuloplasty repair. The shaded areas represent standard
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regurgitation fraction also decreased after ring annu-
loplasty repair using the flexible (21.6 £6.1%) and the
rigid annuloplasty ring (17.8 £2.8%). Compared to
post dilation, the reduction in the mitral regurgitation
fraction was significant using the rigid annuloplasty
ring (p=0.05). There was no difference in mitral
regurgitation fraction after flexible (p =0.23) or rigid
ring repair (p=0.33) compared to baseline prior to
annular dilation. The elimination of MR using the rigid
annuloplasty ring was also observed from the mean
mitral flow tracings, as the flow tracing returned to
baseline (Fig. 4a). However, residual MR was observed
after repair using the flexible annuloplasty ring with
continued flow reversal in systole (Fig. 4a). Mean aor-
tic, ventricular, and left atrial pressure tracings after
ring annuloplasty repair are also shown in Fig. 4c.

Mean left atrial and ventricular pressure measured
after ring annuloplasty repair using the flexible versus
rigid ring were 11.0 £2.2 mmHg and 44.3 + 6.4 mmHg
versus 11.3+2.4 mmHg and 45.0£6.5 mmHg,
respectively.

By restoring leaflet coaptation and reducing MR, flex-
ible ring annuloplasty repair resulted in a significantly
lowered rate of change of force on chordae (Table 2).
Flexible compared to rigid annuloplasty ring repair was
associated with reduced chordal rate of change of force
7.1+4.4 N/s versus 9.84+5.8 N/s (p=0.0001). Addi-
tionally, flexible annuloplasty ring repair significantly
reduced peak chordal forces (0.6 0.5 N) compared to
the post dilation state (0.7 £0.6 N, p=0.01). Similarly,
the peak chordal forces were found to be higher after
rigid annuloplasty ring repair (0.7 0.5 N) compared to
after flexible annuloplasty ring repair (p =0.01). Com-
posite force tracings are shown in Fig. 5.
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Table 1 Hemodynamic parameters measured at baseline, post dilation, and after ring annuloplasty repair using flexible and rigid rings

Hemodynamic Baseline Post dilation Flexible Rigid P value baseline P value post P value post

parameters annuloplasty annuloplasty versus post dilation dilation versus rigid
ring ring dilation versus flexible annuloplasty ring

annuloplasty ring

Heart rate (bpm) 70+0 70+0 704+0 70+0 - - -

Pump stroke vol- 101.0£0.1 1099401 1099400 1099+0.1 087 0.81 0.61

ume (mL)

Effective stroke 512+63  461+£10.1 46.0410.0 505+74 009 0.97 0.06

volume (mL)

Cardiac output (L/ 36+04 32407 32407 35+£05 009 097 0.06

min)

Mean aortic pres- 1013+£26  967+£140 99.0£14.1 101.0£13.0 053 0.05 0.03

sure (mmHg)

Systolic aortic pres- 1185+£27 1128£155 11534157 1179+£136 048 0.18 0.04

sure (mmHg)

Diastolic aortic pres- 85.1+30 81.5+127 8344128 8524121 060 0.07 0.03

sure (mmHg)

Ventricular mean 436+£55 433+£57 443+064 450£65 094 0.15 0.04

pressure (mmHg)

Atrial mean pressure 86+78 11.14+08 11.04+22 11.3+£24 055 0.89 0.86

(mmHg)

Mitral valve mean 11+£13 08+04 1.7+£04 13+£03 074 0.004 0.21

gradient (mmHg)

Mitral forward flow 06400 05+0.0 0600 06+00 0.18 0.08 0.12

time (s)

Mitral forward 599+100 59.6+95 583193 614+£82 078 0.52 0.13

volume (mL)

Mitral closing vol- —72+48 —118+£19 —107x06 —105+13 017 0.25 0.06

ume (mL)

Mitral regurgitant 139+44 232455 21.6£6.1 178+28 0.14 0.32 0.05

fraction (%)

Transmitral forward —28+162 —140+73 —55+101 —110+77 012 0.04 0.64

energy loss (m)J)

Transmitral closing 313+£273 514487 581+144 566+148 0.19 0.54 0.58

energy loss (m)J)

Transmitral leakage 201+£11.0 2534£91 213+258 77+£165 0.02 0.81 0.24

energy loss (m)J)

Transmitral total 486+70 627485 7394226 5344+112 013 034 0.28

energy loss (m)J)

Data presented as mean =+ standard deviation. Values in bold designate statistical significance

Table 2 Chordal forces post dilation and after ring annuloplasty repair using flexible and rigid rings

Chordal forces Post dilation Flexible Rigid P value post dilation P value post P value flexible versus
annuloplasty annuloplasty versus flexible dilation versus rigid  rigid annuloplasty ring
ring ring annuloplasty ring annuloplasty ring

Rate of change of force  86+59 71434 98+58 0.02 0.01 0.0001

(N/s)

Peak force (N) 07+06 06+05 0.7+05 0.01 035 0.01

Data presented as mean =+ standard deviation. Values in bold designate statistical significance

Discussion

leading to MR. It was also crucial to ensure that the elas-

The mitral annular dilation system successfully generated  tic mitral mount designed for this study allowed for max-
an ex vivo mitral annular dilation model. Through sym-  imal annular dimension restoration via ring annuloplasty
metrical annular dilation, leaflet coaptation was reduced,  repair. Using the ex vivo left heart simulator, we showed
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Fig. 5 Composite chordal force tracings over the course of a
complete cardiac cycle measured at post dilation and after ring

annuloplasty repair

that both the flexible and rigid annuloplasty rings were
effective in increasing mitral leaflet coaptation height.
Additionally, annuloplasty ring repair further reduced
chordae rates of change of force from the diseased, post
dilation state. Although rigid annuloplasty rings were
found to be associated with increased peak chordal forces
compared to that of the post dilation state, they were
more effective in reducing MR compared to that after
flexible ring annuloplasty repair.

In this study, the mitral annulus was effectively dilated
using our dilation system, and MR was successfully
induced. Clinically, left ventricular dysfunction, leaflet
tethering, and degenerative changes to the mitral valve
apparatus are important features found in patients with
significant MR [2, 28, 29]. These pathologic changes
further exhaust physiologic leaflet coaptation area.
Nonetheless, annular dilation is a ubiquitous finding in
patients with MR due to the chronic left atrial adapta-
tion to increased regurgitant volume [2]. As we aim to
perform biomechanical analysis of mitral annuloplasty
rings, whose main function is to restore mitral annular
dimensions, our isolated mitral annular dilation model
is the ideal ex vivo system to carry out the experiment.
This allows us to eliminate potential confounding fac-
tors that may be associated with other mitral valve repair
techniques that must be employed to achieve mitral valve
competency in addition to ring annuloplasty repair.

We found that the rigid annuloplasty ring was more
effective in reducing MR in our model. The rigid rings, in
contrast to the flexible rings, were designed to restore the
mitral annulus to its normal size and shape to increase
leaflet coaptation without allowing annular changes dur-
ing the cardiac cycle. The rigidity of the annuloplasty
ring may play a crucial role in MR recurrence based on
clinical observations after repair using flexible rings
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[17]. Thus the shape of the mitral annulus, in addition
to reduction of its area after annuloplasty, might play
an important role in MR elimination. However, keeping
the otherwise dynamic mitral annulus in a fixed geom-
etry may come with drawbacks. We showed that flexible
annuloplasty rings were associated with lower chordal
forces compared to that measured in the post dilation
state, and it has been theorized that when the optimal
coaptation surface is disrupted, as in the case with mitral
valves with dilated annulus, the chordae are forced to
take on additional forces [30]. After the leaflet coaptation
surface is restored with ring annuloplasty repair, chordal
forces are expected to decrease [20, 21]. In this study,
the peak chordal force did not change after rigid annu-
loplasty ring repair, but a higher chordal rate of change
of force compared to post dilation was observed. We also
showed that the rigid annuloplasty ring was associated
with higher chordal stresses compared to those associ-
ated with the flexible annuloplasty ring. Specifically, the
rate of change of force is an important metric. In vis-
coelastic materials, such as most biologic tissues, the
mechanical properties of the tissue changes as the rate
of loading changes [15]. The increase in rate of change of
force, therefore, may have a significant impact on repair
durability. We hypothesize that the plasticity within the
flexible ring, compared to the rigid ring, allowed for a
more gradual change of force and an improved chordal
force dampening effect when the leaflets close as the left
ventricle starts to contract to impose increased force
onto the chordae. Furthermore, previous studies dem-
onstrated that the absorbed forces were lower in semi-
rigid rings compared to flexible rings, suggesting possibly
improved myocardial stress adaptation and decreased
risk of ring dehiscence and repair failure [31, 32]. An
optimal mitral annuloplasty ring that demonstrates selec-
tive rigidity and flexibility may be able to further improve
repair durability.

One area of refinement for this model is to bet-
ter mimic the in vivo mitral annular dynamic changes
throughout a cardiac cycle, as our current model sim-
ulates a fixed, planar annular geometry. Additionally,
more precise replication of specific mitral annular
geometries associated with various MR pathologies can
be pursued. For example, ischemic MR is commonly
associated with asymmetric annular dilation [34]. Being
able to simulate different annular dilation geometries
can enable us to further assess the impact of differ-
ent annuloplasty rings and other repair techniques.
Furthermore, our model simulated an acute change in
mitral annular dimension, whereas clinically, mitral
annular dilation progresses over time. Our model was
unable to capture the chronic adaptation that typically
happens to the mitral valve apparatus as observed in
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patients with chronic MR [34]. It would also be inter-
esting to evaluate forces on the papillary muscles after
annuloplasty ring repair [35]. Further validation of the
results found in this study can be performed using
previously published force models on mitral valves.
Lastly, to further improve the understanding of rigid
and flexible annuloplasty rings’ effect on mitral annular
geometry, detailed analysis of septo-lateral geometry
throughout a cardiac cycle should be performed with an
ex vivo system that more accurately mimics the tissue
property to create an appropriate degree of resistance
to annular dimension reduction from annuloplasty.

Conclusions

In conclusion, our dilation system was successful in
generating an isolated mitral annular dilation model
with associated MR. Both the flexible and rigid annu-
loplasty rings were effective in increasing leaflet coap-
tation height. Although the rigid annuloplasty ring
was associated with higher chordal stresses compared
to those of the flexible annuloplasty ring, it was more
effective in reducing MR. This study provides impor-
tant biomechanical evidence for the use of flexible and
rigid annuloplasty rings to restore proper mitral annu-
lar dimensions and may help direct the design of an
optimal annuloplasty ring to further improve patient
outcomes.

Abbreviations
AL: Anterior leaflet; FBG: Fiber bragg grating; MR: Mitral valve regurgitation; PL:
Posterior leaflet; PM: Papillary muscle.

Acknowledgements
We would like to thank the generous donation by Mr. Martino to support this
research effort.

Authors’ contributions

YZ: conceptualization and design; data collection; data analysis and interpreta-
tion; drafting of the manuscript. AMI: conceptualization and design; data
interpretation; critical revision of the manuscript. RIW: data collection; data
analysis; critical revision of the manuscript. MJP: conceptualization and design;
critical revision of the manuscript. MHP: data interpretation; critical revision

of the manuscript. YJW: conceptualization and design; data interpretation;
critical revision of the manuscript. All authors read and approved the final
manuscript.

Funding

This work was supported by the National Institutes of Health (NIH RO1
HL152155, YJW; NIH F32 HL158151, YZ), the Thoracic Surgery Foundation
Resident Research Fellowship (YZ), the National Science Foundation Graduate
Research Fellowship Program (AMI), a Stanford Graduate Fellowship (DGE-
1656518, AMI), and the American Heart Association (17POST33410497, MJP).
The content is solely the responsibility of the authors and does not necessarily
represent the official views of the funders.

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Page 8 of 9

Declarations

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Cardiothoracic Surgery. Falk Cardiovascular Research Center,
Stanford University School of Medicine, 300 Pasteur Drive, Stanford, CA 94305,
USA. ?Department of Bioengineering, Stanford University, Stanford, CA, USA.
3Department of Mechanical Engineering, Stanford University, Stanford, CA,
USA.

Received: 28 May 2021 Accepted: 7 February 2022
Published online: 26 February 2022

References

1. NkomoV, Gardin J, Skelton T, et al. Burden of valvular heart diseases: a
population-based study. Lancet. 2006;368:1005-11.

2. Enriquez-Sarano M, Akins CW, Vahanian A. Mitral regurgitation. Lancet.
2009;373:1382-94.

3. Gertz ZM, Raina A, Saghy L, et al. Evidence of atrial functional mitral
regurgitation due to atrial fibrillation: reversal with arrhythmia control. J
Am Coll Cardiol. 2011;58:1474-81.

4. KiharaT, Gillinov AM, Takasaki K; et al. Mitral regurgitation associated with
mitral annular dilation in patients with lone atrial fibrillation: an echocar-
diographic study. Echocardiography. 2009;26:885-9.

5. OtsujiY, Kumanohoso T, Yoshifuku S, et al. Isolated annular dilation does
not usually cause important functional mitral regurgitation: comparison
between patients with lone atrial fibrillation and those with idiopathic or
ischemic cardiomyopathy. J Am Coll Cardiol. 2002;39:1651-6.

6. Vergnat M, Levack MM, Jassar AS, et al. The influence of saddle-shaped
annuloplasty on leaflet curvature in patients with ischaemic mitral regur-
gitation. Eur J Cardio-thoracic Surg. 2012;42:493-9.

7. Vergnat M, Jackson BM, Cheung AT, et al. Saddle-shape annuloplasty
increases mitral leaflet coaptation after repair for flail posterior leaflet.
Ann Thorac Surg. 2011;92:797-803.

8. Rausch MK, Bothe W, Kvitting JPE, et al. Mitral valve annuloplasty: a quan-
titative clinical and mechanical comparison of different annuloplasty
devices. Ann Biomed Eng. 2012;40:750-61.

9. Jensen MO, Jensen H, Levine RA, et al. Saddle-shaped mitral valve annu-
loplasty rings improve leaflet coaptation geometry. J Thorac Cardiovasc
Surg. 2011;142:697-703.

10. Jensen MO, Jensen H, Smerup M, et al. Saddle-shaped mitral valve
annuloplasty rings experience lower forces compared with flat rings.
Circulation. 2008;118:5250-255.

11. Tjernild MJ, Skov SN, Rgpcke DM, et al. Mitral annuloplasty ring with
selective flexibility for septal-lateral contraction and remodelling proper-
ties. Interact Cardiovasc Thorac Surg. 2019;28:65-70.

12. Jensen M@, Jensen H, Nielsen SL, et al. What forces act on a flat rigid
mitral annuloplasty ring? J Heart Valve Dis. 2008;17:267-75.

13. Bothe W, Kuhl E, Kvitting JPE, et al. Rigid, complete annuloplasty rings
increase anterior mitral leaflet strains in the normal beating ovine heart.
Circulation. 2011;124:581-96.

14. Kunzelman KS, Reimink MS, Cochran RP. Flexible versus rigid ring annulo-
plasty for mitral valve annular dilatation: a finite element model. J Heart
Valve Dis. 1998;7:108-16.

15. Imbrie-Moore AM, Paulsen MJ, Thakore AD, et al. Ex vivo biomechanical
study of apical versus papillary neochord anchoring for mitral regurgita-
tion. Ann Thorac Surg. 2019;108:90-7.

16. Okada, ShomuraT, Yamaura Y, et al. Comparison of the Carpentier and
Duran prosthetic rings used in mitral reconstruction. Ann Thorac Surg.
1995;59:658-63.



Zhu et al. BMC Cardiovascular Disorders

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

(2022) 22:73

Silberman S, Klutstein MW, Sabag T, et al. Repair of ischemic mitral regur-
gitation: comparison between flexible and rigid annuloplasty rings. Ann
Thorac Surg. 2009,87:1721-7.

Chang BC, Youn YN, Ha JW, et al. Long-term clinical results of mitral
valvuloplasty using flexible and rigid rings: a prospective and randomized
study. J Thorac Cardiovasc Surg. 2007;133:995-1003.

Chee T, Haston R, Togo A, et al. Is a flexible mitral annuloplasty ring supe-
rior to a semi-rigid or rigid ring in terms of improvement in symptoms
and survival? Interact Cardiovasc Thorac Surg. 2008;7:477-84.

Paulsen MJ, Imbrie-Moore AM, Wang H, et al. Mitral chordae tendineae
force profile characterization using a posterior ventricular anchoring
neochordal repair model for mitral regurgitation in a three-dimen-
sional-printed ex vivo left heart simulator. Eur J Cardiothorac Surg.
2020;57:535-44.

Imbrie-Moore AM, Paulsen MJ, Zhu Y, et al. A novel cross-species model
of Barlow’s disease to biomechanically analyze repair techniques in an

ex vivo left heart simulator. J Thorac Cardiovasc Surg. 2020. https://doi.
0rg/10.1016/}jtcvs.2020.01.086.

Marin-Cuartas M, Zhu Y, Imbrie-Moore AM, Park MH, Wilkerson RJ, Leipzig
M, Pandya PK, Paulsen MJ, Borger MA, Woo YJ. Biomechanical engineer-
ing analysis of an acute papillary muscle rupture disease model using

an innovative 3D-printed left heart simulator. Interact Cardiovasc Thorac
Surg. 2022. https://doi.org/10.1093/icvts/ivab373.

Paulsen MJ, Cuartas MM, Imbrie-Moore A, Wang H, Wilkerson R, Farry J,
Zhu'Y, Ma M, MacArthur JW, Woo YJ. Biomechanical engineering compari-
son of four leaflet repair techniques for mitral regurgitation using a novel
3-dimensional-printed left heart simulator. JTCVS Tech. 2021;10:244-51.
https://doi.org/10.1016/jxjtc.2021.09.040.

Imbrie-Moore AM, Zhu Y, Bandy-Vizcaino T, Park MH, Wilkerson RJ, Woo Y.
Ex Vivo Model of Ischemic Mitral Regurgitation and Analysis of Adjunctive
Papillary Muscle Repair. Ann Biomed Eng. 2021;49(12):3412-24. https://
doi.org/10.1007/510439-021-02879-9.

Imbrie-Moore AM, Paullin CC, Paulsen MJ, et al. A novel 3D-printed
preferential posterior mitral annular dilation device delineates regur-
gitation onset threshold in an ex vivo heart simulator. Med Eng Phys.
2020;77:10-8.

Imbrie-Moore AM, Zhu'Y, Park MH, et al. Artificial papillary muscle device
for off-pump transapical mitral valve repair. J Thorac Cardiovasc Surg.
2021. https://doi.org/10.1016/j.jtcvs.2020.11.105.

Paulsen MJ, Bae JH, Imbrie-Moore AM, et al. Development and ex vivo
validation of novel force-sensing neochordae for measuring chordae
tendineae tension in the mitral valve apparatus using optical fibers with
embedded Bragg gratings. J Biomech Eng. 2020;142:0145011-9.

Godley RW, Wann LS, Rogers EW, et al. Incomplete mitral leaflet closure in
patients with papillary muscle dysfunction. Circulation. 1981;63:565-71.
Ogawa S, Hubbard F, Mardelli T, et al. Cross-sectional echocardiographic
spectrum of papillary muscle dysfunction. Am Heart J. 1979,97:312-21.
Nazari S, Carli F, Bnfi C, et al. Patterns of systolic stress distribution

on mitral valve anterior leaflet chordal apparatus. J Cardiovasc Surg.
2000;41:193-202.

Skov SN, Rgpcke DM, Ilkjaer C, et al. New mitral annular force transducer
optimized to distinguish annular segments and multi-plane forces. J
Biomech. 2016;49:742-8.

Skov SN, Rgpcke DM, Tjgrnild MJ, et al. Semi-rigid mitral annuloplasty
rings improve myocardial stress adaptation compared to rigid rings:
insights from in vitro and in vivo experimental evaluation. Eur J Cardio-
thorac Surg. 2017;51:836-43.

Ennis DB, Rudd-Barnard GR, Li B, et al. Changes in mitral annular geom-
etry and dynamics with 3-blockade in patients with degenerative mitral
valve disease. Circ Cardiovasc Imaging. 2010;3:687-93.

Bin J, Zhibin C, Weidong R, et al. Assessment of mitral annulus (P3 seg-
ment) asymmetric deformity in myocardial infarction with ischemic
regurgitation by real time three-dimensional echocardiography. Echocar-
diography. 2012;29:42-50.

Toma M, Jensen M@, Einstein DR, et al. Fluid-structure interaction analysis
of papillary muscle forces using a comprehensive mitral valve model with
3D chordal structure. Ann Biomed Eng. 2016;44:942-53.

Page 9 of 9

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1016/j.jtcvs.2020.01.086
https://doi.org/10.1016/j.jtcvs.2020.01.086
https://doi.org/10.1093/icvts/ivab373
https://doi.org/10.1016/j.xjtc.2021.09.040
https://doi.org/10.1007/s10439-021-02879-9
https://doi.org/10.1007/s10439-021-02879-9
https://doi.org/10.1016/j.jtcvs.2020.11.105

	Ex vivo biomechanical analysis of flexible versus rigid annuloplasty rings in mitral valves using a novel annular dilation system
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Mitral annular dilation system design
	Sample preparation
	Ex vivo left heart simulator
	Chordae tendineae force measurement
	Statistical analysis

	Results
	Discussion
	Conclusions
	Acknowledgements
	References


